Introduction
============

Spinal anesthesia, a type of regional anesthesia that involves injecting a local anesthetic (LA) into the subarachnoid space, is widely used in surgeries of the lower abdomen, pelvis, and lower extremities.[@b1-dddt-13-707] LAs provide a good analgesic effect but they have some degree of neurotoxicity and are known to cause neurological complications such as transient neurological symptom, cauda equina syndrome, Guillain--Barre syndrome, and delayed sacral neurosensory disorder.[@b2-dddt-13-707],[@b3-dddt-13-707] The patient may be vulnerable to neurotoxicity even with clinically recommended doses of LA and inclusion of adjuvants.[@b4-dddt-13-707] Although postspinal anesthesia complications are rare with an incidence rate of only \~0.038%,[@b5-dddt-13-707] they cause irreversible nerve damage and thus significant economic burden on the family and society. Therefore, it is necessary to identify the intrinsic mechanism of LA-induced neurotoxicity.

Bupivacaine, an amide-type LA commonly used in spinal anesthesia, induces neurotoxicity both in vivo and in vitro.[@b6-dddt-13-707],[@b7-dddt-13-707] Several mechanisms have been implicated in the pathogenesis of bupivacaine-induced neurotoxicity, such as intracellular calcium release and overload,[@b8-dddt-13-707] increased p47phox membrane translocation, which results in excessive reactive oxygen species production and neuronal apoptosis,[@b9-dddt-13-707] activation of the PI3K and MAPK signaling pathways,[@b10-dddt-13-707],[@b11-dddt-13-707] and autophagy.[@b12-dddt-13-707] However, the exact mechanism of bupivacaine-induced neurotoxicity is yet to be elucidated.

Gangliosides are sialic acid-containing membrane glyco-sphingolipid neurotrophins that are abundant in the central nervous system (CNS). Intrathecal monosialoganglioside (GM1) is a major sialoglycolipid of the neuronal membrane and plays a critical role in its metabolism, plasticity, and regeneration.[@b13-dddt-13-707] A recent study showed that GM1 inhibited neuronal apoptosis in rats with acute spinal cord injury by downregulating caspase-3 and upregulating the nerve growth factor.[@b14-dddt-13-707] In addition, GM1 also exerts its neuroprotective effect by activating the PI3K/AKT/Nrf2 pathway and enhancing autophagy.[@b15-dddt-13-707],[@b16-dddt-13-707] Our previous study found that treatment with GM1 in intrathecal routes reverses bupivacaine-induced neural injuries and improves the neural dysfunctions;[@b6-dddt-13-707] however, its potential role in bupivacaine-induced neurotoxicity and the associated mechanisms remains unclear.

The endoplasmic reticulum (ER) is an important organelle in the eukaryotic cells and is involved in protein, lipid, and sterol biosynthesis.[@b17-dddt-13-707] It stimulates the unfolded protein response (UPR), which results in the ER stress (ERS) response to cellular insults such as ischemia, trauma, hypoxia, glucose deprivation, and oxidative damage.[@b18-dddt-13-707] The signaling cascade of the ERS is coordinated by three trans-membrane protein sensors including PERK, IRE1α and ATF6, which specifically bind to the chaperone glucose-regulated protein 78 (GRP78) under normal conditions.[@b19-dddt-13-707] ERS is involved in the occurrence and development of several diseases, including osteoporosis, Alzheimer's disease (AD), Parkinson's disease (PD), diabetes, cancer, etc.[@b20-dddt-13-707] Studies also show the involvement of ERS in the toxic effects of bupivacaine,[@b21-dddt-13-707] but it is unknown whether the GRP78/PERK/ eIF2α/ATF4-mediated signaling pathway associated with ERS is also functionally involved.

We established an animal model of bupivacaine-induced neurotoxicity by administering the LA via an intrathecal tube and analyzed the expression pattern of the ERS-related factors in spinal nerves. We also explored the role of GM1 in promoting neurite regrowth, rescuing neuronal apoptosis, and regulating ERS signaling pathways. Our findings will help to determine the neuroprotective mechanisms of GM1 and ERS regulation in LA-induced spinal cord injuries.

Materials and methods
=====================

Establishing the animal model and grouping
------------------------------------------

A total of 180 healthy adult male Sprague--Dawley rats weighing 250--300 g were obtained from the Animal Care Center of Guangxi Medical University (Nanning, People's Republic of China). All experiments conformed to the Guidelines of the National Institutes of Health (NIH publication, No. 8023) on the ethical use of animals, and studies were approved by the Animal Care and Use Committee of Guangxi Medical University (No. SCXK GUI 2004-0002). The rats were housed in separate cages in environmentally controlled rooms (temperature 25°C ± 5°C and relative humidity 55%--65%) on a 12-hour light/dark cycle, and standard chow and water were provided ad libitum. The animals were acclimatized for 3 days and then randomized into three treatment groups (n=60 each): saline group (group S), bupivacaine group (group B), and pretreated GM1 group (group G).

An intrathecal catheter was inserted using the modified method of Yaksh and Rudy.[@b22-dddt-13-707] Briefly, the rats were anesthetized with an intraperitoneal injection of sodium pentobarbital (50 mg/kg), and a 1.5 cm longitudinal dorsal midline incision was made in the L5--L6 gap. The subcutaneous tissue was separated and after exposing the spinal dura mater, it was punctured lightly by a 25-gauge needle to access the cerebrospinal fluid (CSF). The subarachnoid space was cannulated with a polyethylene catheter (PE-10) (inside diameter 0.28 mm, outside diameter 0.61 mm, Smiths Medical, Kent, Britain) through the incision and advanced by 1.5 cm in the cephalad direction when the rat's tail showed a sudden side-swaying motion. The terminal of the catheter was sealed off by heating to prevent CSF leakage and fixed in the neck through the subcutaneous tissue. Penicillin (20,000 U) was subcutaneously administered to prevent infection. The rats were housed in separate cages for 3 days to recover, and then lidocaine (2%, 10 μL) was injected via the catheter. The rats that did not display paralysis of both hind limbs 30 seconds postinjection or that did not recover from paralysis 30 minutes postinjection were excluded from further analyses. Group B rats were injected with 5% bupivacaine (0.12 μL/g, Sigma, MO, USA), group S received equal volumes of 0.9% normal saline, and group G were first pretreated with GM1 (30 mg/kg) and then treated the same way as group B after 24 hours. Following the respective treatments, the ducts were flushed with 10 μL normal saline each time. Each group was analyzed on days 0, 1, 3, 5, 7, and 14 after the last injection.

Neurobehavioral tests
---------------------

All neurobehavioral measurements were performed in the morning between 9 AM and 11 AM in a double-blind fashion. The tail-flick latency (TFL) test was conducted to evaluate rat tail sensation, using a TF equipment (model YLS-12A; Huaibei ZhengHua Biological Instrument Equipment Co., Anhui, People's Republic of China). It was fitted with a heat source (32 W infrared ray) that was focused on the tail at a distance of \~4 cm from the tip, and the time (in seconds) taken to withdraw the tail from the heat source was recorded. If the tail was not withdrawn within 16 seconds (cutoff time), the heat source was switched off to prevent tissue damage. Each rat was tested thrice at 5-minute intervals, and the average of the measurements was calculated. The TFL values were converted to percentage maximal possible effect (%MPE) as (\[measured value − base value\]/\[cutoff time − base value\]) ×100. The recovery of the locomotor function was assessed using Basso, Beattie, and Bresnahan (BBB) scale before the rats were sacrificed, according to movements of the hip, knee, and ankle joint and were scored between 0 (unable to walk) and 21 (normal movement).[@b23-dddt-13-707]

H&E staining
------------

The rats were anesthetized deeply and their thorax were opened, and then perfused with 0.9% normal saline (4°C) followed by 4% paraformaldehyde (pH 7.4) through the left ventricle. The lumbar enlargement of spinal cord was rapidly removed on ice, and immersed in 4% paraformaldehyde for 24 hours at 4°C before paraffin embedding. The tissue blocks were cut into transverse sections (4 μm thick), dewaxed by a xylene gradient, and then rehydrated by an alcohol gradient. The sections were stained with H&E as per standard protocols and observed for histological and morphological changes under a light microscope (Olympus Microsystems, Tokyo, Japan). The histopathological changes were quantified by evaluating a sum of the distribution and severity scores of histopathological sections based on a previously described method as follows: distribution scores (0 = no lesion, 1 = lesions limited to the posterior root, 2 = lesions in both the posterior root and posterior column) and severity scores (0 = no lesion, 1 = focal disruption of myelin sheath and axons \[mild lesion\], 2 = moderate lesion, and 3 = diffuse disruption of myelin sheath and axons \[severe lesion\]).[@b6-dddt-13-707]

Confocal laser microscopy
-------------------------

The paraffin sections were dewaxed and rehydrated, and the tissue surface antigen was retrieved by the high-pressure method. After blocking endogenous peroxidase activity with 3% H~2~O~2~ for 15 minutes, the sections were permeabilized with 0.3% Triton X-100 (Solarbio, Beijing, China) for 10 minutes and incubated with 5% normal goat serum for 1 hour to block nonspecific binding. The sections were then incubated overnight with monoclonal rabbit antirat GRP78 (1:200 dilution; Cell Signaling Technology, Danvers, MA, USA) at 4°C, and then with Alexa Fluor 488 goat antirabbit IgG (1:400 dilution; Abcam, Cambridge, MA, USA) for 2 hours at 37°C. Mounting medium containing DAPI (Solarbio) was carefully placed over the sections, which were then observed under the Nikon A1 laser scanning confocal microscope (Tokyo, Japan). The total and fluorescent stained cells were counted in each field from at least three spinal cord sections per group, and the percentage of positive cells was calculated.

Transmission electron microscopy (TEM)
--------------------------------------

After removing the spinal cord, the posterior horn was cut into 1×1×2 mm pieces and fixed with 2.5% glutaraldehyde phosphate buffer for 24 hours at 4°C. The specimens were then washed thrice with PBS, fixed in 1% osmic acid for 2 hours, rehydrated in an alcohol gradient, and embedded in epoxy resin 618 overnight. Ultrathin sections were cut with an ultramicrotome (Leica UC7, Wetzlar, Germany), double-stained with lead citrate and uranyl acetate, and viewed under a Hitachi H-7650 electron microscope (Hitachi, Japan) at 80 kV.

TUNEL assay
-----------

To determine apoptosis in spinal nerve cells, the paraffin sections were dewaxed, rehydrated, and treated with proteinase K (20 μg/mL) for 10 minutes and stained using TUNEL assay kit (Roche, Basel, Switzerland) according to the manufacturer's protocol. After rinsing thrice with PBS (5 minutes each), the sections were colorized using Converter-POD with 0.03% DAB (Boster, Wuhan, People's Republic of China). The TUNEL-positive cells were counted in five random regions in each sample under a light microscope at 200× magnification (Olympus Microsystems), and the percentage of the apoptotic cells was calculated.

Quantitative real-time PCR
--------------------------

Total RNA was extracted from spinal cord tissue using Trizol (TaKaRa, Shiga, Japan) according to the manufacturer's instructions, and the integrity of the RNA was analyzed by agarose gel electrophoresis. The cDNA was synthesized from 1 μg total RNA per sample using PrimeScript™ RT reagent Kit with gDNA Eraser (TaKaRa) in a 20 μL reaction volume according to the manufacturer's instructions. All cDNAs were diluted 10× with RNase Free dH~2~O water and used as a template for quantitative real-time PCR. The expression levels of ERS-related genes were measured using a SYBR^®^ Premix Ex Taq™ II kit (TaKaRa) as described previously on an ABI 7500 Real Time PCR System (Applied Biosystems, Carlsbad, CA, USA).[@b7-dddt-13-707] The 20 μL reaction mix consisted of 10 μL SYBR Premix Ex Taq II, 0.4 μL ROX Reference Dye II, 6 μL H~2~O, 2 μL cDNAs, and 0.8 μL of each primer ([Table 1](#t1-dddt-13-707){ref-type="table"}). The reaction conditions were as follows: 40 cycles of 95°C for 30 seconds, 95°C for 5 seconds, and 60°C for 34 seconds. GAPDH was used as the internal control, and each cDNA sample was tested in triplicates. The relative gene expression was calculated by the 2^−∆∆CT^ method.

Western blotting
----------------

Spinal cord tissues were ground in liquid nitrogen and homogenized in ice-cold RIPA lysis buffer (Solarbio) containing protease and phosphatase inhibitors. The lysates were centrifuged at 12,000 rpm at 4°C, and protein quantity in the supernatant was determined using BCA protein assay kit (Enhanced BCA Protein Assay Kit; Beyotime). Equal amounts of protein per sample (50 μg) were separated by 10% SDS-PAGE and then transferred to PVDF membranes (Immobilon-P; Millipore, Billerica, MA, USA) via wet transfer method. The membranes were blocked with 5% BSA in 10 mM Tris-buffered saline with 0.05% Tween 20 (TBST) for 1 hour, and incubated overnight with anti-p-PERK (1:1,000, Cell Signaling Technology), anti-p-eIF2α (1:1,000, Abcam), anti-ATF4 (1:1,000; Cell Signaling Technology), and anti-β-tubulin (loading control) at 4°C. The membranes were rinsed thrice with TBST and incubated with infrared-labeled goat antirabbit IgG (H+L) secondary antibody (1:10,000; Cell Signaling Technology) for 1 hour at 4°C. The array image was obtained using an LI-COR Biosciences Odyssey Infrared Imaging System. The pixel intensities of the bands were measured with image analysis software (ImageJ), and the relative expression levels of the ERS proteins were normalized to β-tubulin.

Statistical analyses
--------------------

All analyses were performed using IBM SPSS Statistics, version 22 (IBM Deutschland GmbH, Ehningen, Germany). The data with normal distribution are presented as mean ± SD. One-way ANOVA was used to compare groups, and Bonferroni test was used for multiple comparisons. Kruskal--Wallis one-way ANOVA and Mann--Whitney *U*-test were used for data with nonnormal distribution. All tests were two-tailed, and *P*\<0.05 was considered statistically significant.

Results
=======

General characteristics of the rats
-----------------------------------

Three animals were excluded from the experiment (one due to infection and two due to incorrect catheterization). There were no significant differences between the groups in terms of fundal weight and food and water consumption throughout the study.

GM1 improved neurobehavioral indices
------------------------------------

The TFL is a measure of the tail response to heat stimulation. Baseline TFL values were similar across the different groups (4.04±0.206 seconds), and that of the group S did not change significantly during the study. In contrast, the TFL increased remarkably in the groups B and G, although pretreatment with GM1 significantly decreased response latency to infrared heat stimulation compared to the group B. The %MPE values decreased gradually and were nearly restored to the baseline level on the 14th day in the group G ([Figure 1A](#f1-dddt-13-707){ref-type="fig"}) and were significantly lower than that of the group B after the third day following treatment (*P*\<0.05). Most rats in the group B exhibited behavioral changes, such as paralysis and weakness in both lower extremities, dragging, crawling, and gatism. The behavioral recovery was assessed by the BBB scores, which decreased significantly in the groups B and G compared to the control ([Figure 1B](#f1-dddt-13-707){ref-type="fig"}; *P*\<0.05). However, the BBB scores in the group G were significantly higher compared to the group G since day 3 (*P*\<0.05).

GM1 attenuated bupivacaine-induced neuronal injuries
----------------------------------------------------

Bupivacaine-induced neurotoxicity generally spreads from the posterior root at the entry point into the spinal cord and nearby posterior white matter.[@b24-dddt-13-707] Therefore, we focused on the histomorphological changes in the posterior root. H&E staining of the spinal cord tissue of the group S showed undamaged structure with clearly visible gray and white matter, no vacuolar and edema changes, and normal neurons and axons ([Figure 2A](#f2-dddt-13-707){ref-type="fig"}). Several morphological anomalies were observed in the group B, such as central chromatolysis in the motor neurons resulting in ghost cells, degeneration and necrosis of posterior root, vacuoles and edema in glial cells, satellitosis, and demyelination ([Figure 2E and F](#f2-dddt-13-707){ref-type="fig"}). Although the group G ([Figure 2B--D](#f2-dddt-13-707){ref-type="fig"}) also showed morphological and pathological changes, they were significantly milder compared to the group B ([Figure 2F--H](#f2-dddt-13-707){ref-type="fig"}). The histopathological injury score ([Figure 2I](#f2-dddt-13-707){ref-type="fig"}) was 0 in the group S and increased significantly in the groups B and G. From the fifth day however, injury scores significantly improved in the group G compared to the group B, although GM1 could not completely rescue the damage caused by bupivacaine even 14 days after treatment.

Transmission electron microscopy also showed ultra-structural differences between the untreated and treated groups ([Figure 3](#f3-dddt-13-707){ref-type="fig"}). The group S nerve cells showed uniform cytoplasm and chromoplast, abundant organelles and ER, compact myelin sheath, and normal morphology. In contrast, extensive myelin ovoid and axonal degeneration was seen at the proximal end of the posterior root and in the posterior white matter in the group B, in addition, it also appeared nuclear membrane shrinkage, dissolution and peripheral condensation of chromatin, ER dilation and particle detachment, degeneration of the axons of Wallerian and axonal vacuoles. Although similar changes were seen in the group G, they were gradually restored, as seen by the improvement in demyelination and Wallerian degeneration. The protective effect of GM1 was partial, but it effectively regenerated nerve function by the 14th day after treatment.

GM1 rescued apoptosis induced by bupivacaine
--------------------------------------------

TUNNEL assay was used to evaluate apoptosis on days 0, 1, 3, 5, 7, and 14 after treatment. As shown in [Figure 4A](#f4-dddt-13-707){ref-type="fig"}, apoptotic cells were appeared brown and the percentage of apoptotic cells increased significantly in the group B, peaking on day 3 after treatment. However, GM1 pretreatment significantly decreased the apoptosis rate on days 7 and 14 after inducing neurotoxicity ([Figure 4B](#f4-dddt-13-707){ref-type="fig"}).

GM1 downregulated ERS pathway activated by bupivacaine
------------------------------------------------------

GRP78 is the common mediator of three pathways that activate the ERS.[@b19-dddt-13-707] Laser scanning confocal microscopy showed localization of GRP78 protein in the cytoplasm of spinal dorsal horn neurons, which was significantly increased upon bupivacaine exposure ([Figure 5A](#f5-dddt-13-707){ref-type="fig"}). Pretreatment with GM1 inhibited GRP78 expression on days 7 and 14 after the bupivacaine regimen ([Figure 5B and C](#f5-dddt-13-707){ref-type="fig"}). To determine the effect of bupivacaine and GM1 on the ERS pathway, we measured the changes in the expression levels of PERK, eIF2α, and ATF4. All three factors were significantly upregulated in the group B compared to the group S at both the mRNA expression ([Figure 6A--C](#f6-dddt-13-707){ref-type="fig"}) and protein levels ([Figure 7A--C](#f7-dddt-13-707){ref-type="fig"}). In addition, GM1 pretreatment decreased PERK, eIF2α, and ATF4 mRNA and proteins levels relative to the group B by the 7th day and brought them to the baseline levels on the 14th day ([Figure 7D--F](#f7-dddt-13-707){ref-type="fig"}). Taken together, bupivacaine induced neurotoxicity by activating the PERK/eIF2α/ATF4 cascade, and GM1 exerted its protective effects by attenuating this cascade.

Discussion
==========

We established a rat model of spinal cord neurotoxicity by intrathecally injecting rats with bupivacaine, in order to study the pathways involved in bupivacaine-induced neurotoxicity. The ERS pathway, especially the GRP78/PERK/eIF2α/ATF4 axis, was activated upon bupivacaine stimulation, which also resulted in significant histomorphological damage to the spinal cord, neuromotor disturbances, and apoptosis in the dorsal horn neurons. GM1 showed a therapeutic effect against bupivacaine-induced neurotoxicity by inhibiting the GRP78/ PERK/eIF2α/ATF4 pathway and consequently ameliorated the sensory and locomotor anomalies.

The success of the intrathecal tube is the vital and prerequisite for the experiment. The precise placement of a catheter can produce a motor block in rats, and this model has been used to study the efficacy of intrathecally administered drugs.[@b24-dddt-13-707] We chose bupivacaine as the LA to induce neurotoxicity in rat spinal cord since lidocaine and tetracaine show greater neurotoxicity at clinically relevant concentrations.[@b25-dddt-13-707],[@b26-dddt-13-707] Takenami et al showed that intrathecally injected 5% bupivacaine severely damaged the posterior root in rats without functional abnormalities.[@b27-dddt-13-707],[@b28-dddt-13-707] Another study using 0.5% bupivacaine found no morphological alterations,[@b29-dddt-13-707] indicating dose-dependent neurotoxicity. The precise mechanisms underlying bupivacaine-induced neurotoxicity have not yet been elucidated so far. The spinal cord nerve root entry zone is extremely vulnerable to large doses of intrathecally administered LA,[@b24-dddt-13-707] and the limited solubility of the LA in CSF and the restricted vascular supply further slow drug clearance.[@b30-dddt-13-707],[@b31-dddt-13-707] Consistent with previous studies, we observed significant histological damage to the posterior roots in rats treated with bupivacaine.

In addition to the inherent vulnerability of the spinal cord posterior root structure to intrathecal drug administration, bupivacaine also has neurotoxic effects. It induces neurotoxicity via the mitochondrial caspase-mediated apoptosis pathway,[@b6-dddt-13-707],[@b7-dddt-13-707] which we also observed in the dorsal neurons of rats treated with bupivacaine. In addition to the classical mitochondrial pathway, other signaling pathways may also be involved in bupivacaine-induced apoptosis. We found that bupivacaine significantly upregulated the ERS-related GRP78/PERK/eIF2α/ATF4 signaling pathway in the spinal cord, indicating its potential role in the LA-mediated neurotoxicity.

A recent study showed that neonatal mouse dorsal root ganglion (DRG) treated with lncRNA BDNF-AS rescued bupivacaine-induced neurotoxicity via the activation of the neurotrophin TrkB signaling pathway.[@b32-dddt-13-707] In addition, the small-molecule GSK-3 inhibitor SB216763 also significantly ameliorated bupivacaine-induced apoptosis and neurite loss in murine DRG.[@b33-dddt-13-707] Pretreatment of DRG with the antidepressant imipramine also attenuated neurotoxicity by coactivating p-TrkA and p-TrkB.[@b34-dddt-13-707] Neurotrophins and dexmedetomidine have been shown to partially reverse the morphological injuries to DRG neurons.[@b35-dddt-13-707],[@b36-dddt-13-707] GM1, a pleiotropic neurotrophin, promotes CNS regeneration and prevents CNS damage in response to adverse conditions including AD, PD, and hypoxic ischemic encephalopathy.[@b37-dddt-13-707]--[@b39-dddt-13-707] Furthermore, patients treated with GM1 after posttraumatic spinal cord injury showed considerable improvements in their motor function.[@b40-dddt-13-707] Consistent with previous findings, we found that pretreatment with GM1 reversed bupivacaine-induced neuronal injury and ameliorated the sensory and locomotor disabilities.[@b6-dddt-13-707]

The ER is a stress sensor in eukaryotic cells, and stimulation of cells with various stresses, such as a high concentration of bupivacaine, results in ERS. Cells have evolved a conserved system known as the UPR to restore intracellular homeostasis and cope with ERS, by decreasing proteins biosynthesis and increasing protein transport and degradation.[@b41-dddt-13-707] In animal cells, the UPR is predominantly regulated by PERK, which phosphorylates eIF2α, and p-eIF2α in turn upregulates ATF4. All three factors synergistically regulate protein synthesis and restore ER homeostasis.[@b42-dddt-13-707]--[@b44-dddt-13-707] Therefore, we analyzed the expression of these ERS markers in bupivacaine-treated rats to determine the role of this LA in ERS. The UPR might act as a double-edged sword during ERS; while mild UPR achieves cellular homeostasis by self-regulation, persistent stimulation of UPR triggers a downstream apoptosis cascade.[@b45-dddt-13-707] We found that UPR was activated in the neurons following stimulation with 5% bupivacaine, with the concomitant upregulation of GRP78, p-PERK, p-eIF2α, and ATF4, which eventually induced neurotoxicity and apoptosis. Interestingly, these factors peaked on the third day after intrathecal bupivacaine, which corresponded to higher apoptosis rates as well, indicating that the ERS reached a fastigium on the third day. Pretreatment with GM1 leads to a significant decrease in the ERS proteins and the rate of apoptosis on days 7 and 14 postbupivacaine and was accompanied by significant improvement in the histopathological and neurobehavioral indices. Therefore, GM1 may ameliorate the bupivacaine-induced neurotoxicity by inhibiting the GRP78/PERK/eIF2α/ATF4 signaling pathway and mitigating ERS and apoptosis.

Our results are consistent with a previous report that showed only a partial improvement of bupivacaine-induced apoptosis and necrosis with GM1 treatment.[@b6-dddt-13-707] One reason could be that the high concentration of bupivacaine resulted in irreversible damage that could not be overcome by GM1, or that the dose of GM1 was suboptimal. In addition, one study reported a serum half-life of 1.4 hours for GM1,[@b46-dddt-13-707] but the half-life of GM in cerebrospinal fluid has not been reported. Our pretreatment duration of 24 hours may have affected the pharmacokinetics of GM1 in cavum subarach-noidale and therefore its effective concentration. We only explored the ERS mediated by PERK, while the effects of IRE1α and ATF6, the other two ERS sensing proteins, on bupivacaine-induced neurotoxicity are still unclear. ERS-related protein inhibitors and activators need to be used to bidirectionally verify the specific mechanism of GM1-mediated neuroprotective effect. Future studies should also explore the relationship between ERS and autophagy vis-a-vis bupivacaine-induced neurotoxicity.

Conclusion
==========

Our study demonstrated that pretreatment with GM1 has a certain therapeutic effect on bupivacaine-induced spinal neurotoxicity in rats (after the fifth day), nevertheless, the early treatment effect on LA-induced spinal neurotoxicity is not obvious. The neuroprotective mechanism of GM1 may be related to downregulate the GRP78/PERK/eIF2α/ATF4 of ERS signaling pathway. These findings increase our understanding of the pathogenesis of LA-induced spinal neurotoxicity and lay the foundation for more studies on the pharmacological action of GM1.
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![(**A**) %MPE of all groups presented as mean ± SD. (**B**) BBB scores reflecting motor function recovery presented as mean ± SD. \**P*\<0.05 vs group S, ^\#^*P*\<0.05 vs group B by ANOVA with Bonferroni test (n=6 per time point/group).\
**Abbreviations:** BBB, Basso, Beattie, and Bresnahan; MPE, percentage maximal possible effect; TFL, tail-flick latency.](dddt-13-707Fig1){#f1-dddt-13-707}

![Representative photomicrographs of H&E-stained L3 spinal cord cross sections (original magnification ×200).\
**Notes:** No damage was seen in group S (**A**). Wallerian degeneration, central chromatolysis (red arrow), axonal swelling, and edema of glial cells (red triangle) were observed in group B (**E**, **F**). Pretreatment with GM1 significantly improved nerve injury caused by bupivacaine on days 5 (**B**, **F**), 7 (**C**, **G**) and 14 (**D**, **H**). Histological injury scores of different groups calculated as: (distribution scores + severity scores) (**I**). Data are expressed as median (25% and 75%) and compared by Kruskal--Wallis one-way ANOVA followed by Mann--Whitney *U*-test. \**P*\<0.05 vs group S, ^\#^*P*\<0.05 vs group B (n=6 per each time point/group).](dddt-13-707Fig2){#f2-dddt-13-707}

![TEM images showing the ultrastructure of the spinal cord posterior root (original magnification ×20,000).\
**Notes:** Group S showed uniform cytoplasm and chromoplast, compact myelin sheath (red arrow), and rough surfaced ER structure of the normal (red triangle). There are nuclear membrane shrinkage and dissolution (red five-pointed star), ER dilation, demyelination of the nerve fibers (red flag), and axonal degeneration in group B. Sheath and axons recovered effectively after pretreatment with GM1 compared to the group B on days 7 and 14.\
**Abbreviations:** ER, endoplasmic reticulum; TEM, transmission electron microscopy.](dddt-13-707Fig3){#f3-dddt-13-707}

![TUNEL assay showing neuronal apoptosis in spinal cord.\
**Notes:** (**A**) Percentage of apoptotic cells was significantly increased in the group B compared to the group G. The original magnification of these images is ×200. (**B**) Apoptosis was highest on the third day after receiving bupivacaine and was rescued by GM1 on days 7 and 14. Data are presented as mean ± SD. \**P*\<0.05 vs group S,\
^\#^*P*\<0.05 vs group B by ANOVA with Bonferroni test (n=5 per each time point/group).](dddt-13-707Fig4){#f4-dddt-13-707}

![GRP78 expression and distribution in spinal cord tissues.\
**Notes:** GRP78 protein was localized predominantly in the cytoplasm and at the entrance of the posterior root (**A**). The expression of GRP78 protein was significantly increased in the group B, and decreased in the group G on days 7 and 14 (**B**, **C**). \**P*\<0.05 vs group S, ^\#^*P*\<0.05 vs group B (n=3 per each time point/group). The original magnification of images (**A**) is ×10 and (**B**) is ×200.](dddt-13-707Fig5){#f5-dddt-13-707}

![The effect of GM1 pretreatment on bupivacaine-induced changes in ERS genes.\
**Notes:** Fold change in PERK, eIF2α, and ATF4 mRNA levels relative to the group S (mean ± SD, n=6). The expressions of three ERS genes were obviously upregulated in the group B and downregulated in the group G on days 7 and 14 (**A**--**C**). \**P*\<0.05 vs group S, ^\#^*P*\<0.05 vs group B. All data were compared by ANOVA with Bonferroni test. **Abbreviation:** ERS, endoplasmic reticulum stress.](dddt-13-707Fig6){#f6-dddt-13-707}

![Western blotting showing levels of p-PERK, p-eIF2α, and ATF4 protein levels at six time points (**A**--**C**). Comparing the expression of proteins among three groups on days 5, 7, and 14 (**D**--**F**) and quantifying by densitometric analysis.\
**Notes:** β-tubulin was used as internal control. \**P*\<0.05 vs group S, ^\#^*P*\<0.05 vs group B.](dddt-13-707Fig7){#f7-dddt-13-707}

###### 

Sequences of primers used for qRT-PCR

  Gene    Primer    Base sequence                  PCR product size
  ------- --------- ------------------------------ ------------------
  GAPDH   Forward   5′-GGCATGGACTGTGGTCATGA-3′     237 bp
          Reverse   5′-TTCACCACCATGGAGAAGGC-3′     
  PERK    Forward   5′-CCGTTGCTGATTGGAAGGTC-3′     153 bp
          Reverse   5′-TGGCTGTGTAACTTGTGTCATC-3′   
  eIF2α   Forward   5′-TTGGCATTACACTGGCTCTC-3′     143 bp
          Reverse   5′-TAGGCACTTCACTTGGAACTG-3′    
  ATF4    Forward   5′-GGTTGGTCAGTGCCTCAGA-3′      125 bp
          Reverse   5′-GGTTTCCAGGTCATCCATTCG-3′    

**Abbreviation:** qRT-PCR, quantitative real-time PCR.
